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In t roduc t ion  

Navy t o  r e f i n e  up  t o  100,000 b a r r e l s  of c rude  Paraho s h a l e  o i l  i n t o  m i l i t a r y  t r a n s -  
p o r t a t i o n  f u e l s .  
could  be conver ted  i n t o  s t a b l e ,  s p e c i f i c a t i o n  m i l i t a r y  f u e l s  u t i l i z i n g  convent iona l  
r e f i n i n g  technology and i n  s u f f i c i e n t  volumes t o  suppor t  an  ex tens ive  engine t e s t i n g  
program, Yie lds  of JP-5 and DFM were t o  be maximized whi le  minimizing t h e  y i e l d  of 
r e s i d u a l  f u e l .  

pe r iod  from 1976 t o  1978. Paraho ' s  Anvil  Po in t ,  Colorado works u t i l i z e s  a v e r t i c a l  
d i r e c t  h e a t  r e t o r t  t o  r e c o v e r  t h e  o i l  from crushed shaleC1]. 

Phase I ,  t h e  proposed s h a l e  o i l  p rocess ing  scheme was t e s t e d  and developed i n  appro- 
p r i a t e  p i l o t  p l a n t s .  Phase  I1 c o n s t i t u t e d  engineer ing  p r e p a r a t i o n  and t h e  a c t u a l  
r e f i n e r y  r u n .  

Paraho Shale  O i l  

and process ing .  Table I summarizes some t y p i c a l  i n s p e c t i o n s  of  raw s h a l e  o i l  and a 
West Texas crude .  In  comparisor, t o  convent iona l  petroleum, s h a l e  o i l  has  s e v e r a l  
d e l e t e r i o u s  c h a r a c t e r i s t i c s  : 

I n  September,  1977 The Standard  O i l  Company (Ohio) was con t r ac t ed  by t h e  U.S. 

The o b j e c t i v e  of the  program was t o  demonstrate t h a t  s h a l e  o i l  

The c rude  s h a l e  was produced by Paraho Development Corp. ove r  t h e  t h r e e  year  

For c o n t r a c t u a l  r e a s o n s  t h e  program was d iv ided  i n t o  t h r e e  phases .  During 

P o s t  run  a n a l y s i s  and r e p o r t  w r i t i n g  were completed i n  Phase 111. 

The unique n a t u r e  of c rude  s h a l e  o i l  r e q u i r e s  s p e c i a l  c o n s i d e r a t i o n  i n  handl ing  

c11 
[ Z ]  Low hydrogen/carbon r a t i o .  
C31 Low y i e l d  of 650° minus txa t e r i a l  (<30 vel.%). 
141  Moderate a r s e n i c  and i r o n  c o n t e n t .  
C5l Suspended a s h  and water. 
The h igh  n i t rogen  c o n t e n t  is probably t h e  l a r g e s t  a r e a  of concern ,  as i t  i s  an 

High n i t r o g e n  and oxygen con ten t .  

order of magnitude h i g h e r  than  t h a t  found i n  petroleum. 
ing  high n i t r o g e n  c rudes  i s  riot nea r ly  as advanced a s  comparable t echno log ie s  f o r  
d e s u l f u r i z a t i o n  cr c rack ing  ( i n c r e a s i n g  y i e l d  of lower boi1ir.g hydrocarbons) .  

Nitrogen compounds are known poisons  f o r  many petroleum p rocess ing  c a t a l y s t s  
such  as f l u i d  bed c a t a l y t i c  c racking ,  naphtha reformin& and hydrocracking  c a t a l y s t s .  
I n  a d d i t i o n ,  n i t rogen  compoucds have been found t o  c r e a t e  s t a b i l i t y  problems i n  gaso- 
l i n e ,  j e t  and diesel  f u e l s .  Fue l  bound n i t rogen  w i l l  also i n c r e a s e  t h e  N O x  emiss ions  
from p r a c t i c a l l y  any t y p e  of  combustor. F i n a l l y ,  n i t r o g e n  compounds u i t e  o f t en  have 
a p e c u l i a r  and o f f e n s i v e  odor which i s  uncommonly d i f f i c u l t  t o  removey2]. 

Sha le  O i l  Ref in ing  P rocess  

The cruae s h a l e  oil i s  i n i t i a l l y  allowed t c  s e t t l e  ba tchwise  a t  above ambient temp- 
e r a t u r e .  
t he reby  p r e c i p i t a t i n g  suspended water  and  ash t o  t h e  bottom of t h e  t ank .  The s h a l e  
O i l  i s  a l s o  pumped through a 20 micron f i l t e r  en rou te  t o  t h e  h y d r o t r e a t e r  t o  remove 
any ex t r a ined  d e b r i s  l e f t  i n  t h e  tank. 

After s e t t l i n g ,  t h e  s h a l e  o i l  is  mixed wi th  hydrogen, p rehea ted  and passed  
through a guard bed. 
as w e l l  a s  any a s h  and s o l i d s  which surv ived  the  s e t t l i p g  and f i l t e r i n g  procedure .  

The technology f o r  process-  

A schemat ic  of t h e o c e s s  aeveloped f o r  t h i s  program i s  shown i n  F igu re  1. 

This has  been found t o  be  e f f e c t i v e  i n  breaking  t h e  w a t e r / o i l  emulsion, 

The purpose of t h e  guard bed  i s  t o  remove t h e  o rgan ic  Fe and AS 
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Followi.ng t h e  s h a l e  o i l  p re t r ea tmen t  s t e p s  ( s e t t l i n g  and guard  bed demeta l l i za -  
t i o n )  t h e  whole s h a l e  o i l  is c a t a l y t i c a l l y  hydro t r ea t ed  a t  e l e v a t e d  tempera ture  and 
hydrogen p a r t i a l  p re s su re .  Hydrot rea t ing ,  t h e  most impor tan t  process ing  s t e p ,  is 
t h e  c a t a l y t i c  r e a c t i o n  of hydrogen with s u l f u r ,  oxygen and n i t rogen  compounds t o  form 
HZS, H20 and N H 3 ,  r e s p e c t i v e l y ,  p l u s  he te roa tom-free  hydrocarbons.  I n  a d d i t i o n ,  
a romat ic  s a t u r a t i o n  and c rack ing  occur  t o  some e x t e n t  - -  thereby  i n c r e a s i n g  t h e  
hydrogedcarbon r a t i o  and i n c r e a s i n g  t h e  y i e l d  of m i l i t a r y  f u e l  f eeds tock  (65OOF minus 
m a t e r i a l ) .  

The hydro t r ea t ed  s h a l e  o i l  is f r a c t i o n a t e d  by d i s t i l l a t i o n  methods i n t o  g a s o l i n e ,  
j e t ,  d i e s e l ,  and 650°Fbottoms ( r e s i d u a ) .  The j e t  and d i e s e l  f u e l  b o i l i n g  ranges were 
determined exper imenta l ly  t o  meet f l a s h  and f r e e z e  or pour r equ i r enen t s  whi le  maximiz- 
ing  y i e l d s .  
l i g h t e r  c u t s  due t o  pour po in t  requi rements .  Some of t h e  r e s i d u a  was r ecyc led  back to 
t h e  h y d r o t r e a t e r  t o  i n c r e a s e  j e t  a n t  d i e s e l  f u e l  y i e l d s .  

s p e c i f i c a t i o n  gum and s t a b i l i t y  requi rements .  

The r e s i d u a  or bottoms m a t e r i a l  could  no t  be u t i l i z e d  i n  t h e  d i e s e l  or 

A f i n a l  f i n i s h i n g  s t e p ,  a c i d  and c l a y  t r e a t i n g ,  was inc luded  t o  meet m i l i t a r y  

Refinery- Modi f i  c a t i.o~> 
P r i o r  t o  t h e  s h a l e  o i l  ope ra t ion ,  f a c i l i t i e s  mod i f i ca t ions  a t  t h e  Toledo r e f i n -  

e r y  were r equ i r ed  t o  be a b l e  t o  r e c e i v e ,  s t o r e  and process  the  s h a l e  o i l  and i t s  
products  wi thout  contaminat ion  from normal r e f i n e r y  s t o c k s .  

c a r .  
a s  a product  loading  system. 
s h a l e  o i l  a s  it was rece ived  ove r  a 3 month pe r iod .  

was modified t o  p rocess  t h e  s h a l e  oil. N e w  c a t a l y s t  ( S h e l l  324) was charged t o  t h e  
f i r s t  s t a g e  r e a c t o r .  
f eed  p rehea t  t r a i n .  A. 20 micron f i l t e r  was i n s t a l l e d  on t h e  i n l e t  l i n e  from the  sha le  
o i l  s to rage  tank .  A new s t r i p p e r  tower was i n s t a l l e d  on t h e  d i s t i l l a t i o n  tower t o  
s t r i p  t h e  DFM produc t .  
t o  allow f o r  a s i n g l e  s t a g e  h y d r o t r e a t e r  ope ra t ion .  

and b u i l t ,  t he  major v e s s e l s  of  which were r e f i n e r y  s u r p l u s  equipment. 
inc luded  a s e t t l e r ,  c l a y  c o n t a c t o r  and s ludge  s t o r a g e  tank .  

s e r v i c e  and c leaned  p r i o r  t o  process ing .  

normal r e f i n e r y  s t o c k s  were e i t h e r  blanked or had t h e  i s o l a t i n g  v a l v e s  cha ined  and 
locked. 

Refinery .Logis t ics .  and- Process.  .:b_w 

and an a t tempt  was made t o  drawoff any free water .  No f r e e  water  was found. The 
s h a l e  o i l  r ece ived  a t  Toledo measured only-0.06 vol.% sediment and water,(BS&W)whereas 
e a r l i e r  p i l o t  p l a n t  samples conta ined-0 .8  vol .% B.S. and W .  The s h a l e  o i l  was 
pumped cont inuous ly  from t h e  tank through t h e  20 micron f eed  f i l t e r  i n t o  t h e  hydro- 
t r e a t e r  s u r g e  drum. From he re  it was pumped through t h e  f e e d  p rehea t  s e c t i o n  and 
guard bed t o g e t h e r  wi th  hydrogen g a s  and i n t o  t h e  r e a c t o r .  
cooled ,  water washed and r ecyc le  hydrogen and l i g h t  ends  removed, p r i o r  t o  en te r ing  
a multidraw d i s t i l l a t i o n  column. 
an overhead gaso l ine  s t o c k ,  a j e t  f u e l  c u t  (JP-5 or JP-8),  a marine d i e s e l  f r a c t i o n  
(DFM) and a bottoms r e s i d u a l  f u e l  f r a c t i o n .  
recovered i n  bu lk ,  i n s t ead  i t  was used as  feed  t o  ano the r  hydrocracker .  The JP-8 was 
a c i d  t r e a t e d  on rundown t o  a r a i l c a r ,  while JP-5 and DFM were run down t o  s t o r a g e  f o r  
l a t e r  a c i d  t r e a t i n g .  
s t o r a g e  t ank .  P a r t  o f  t h e  bottoms r e s i d u a  were r ecyc led  through t h e  h y d r o t r e a t e r  t o  
inc rease  convers ion ,  while t h e  remainder was used a s  c a t  c r acke r  f e e d  wi th  a small 

Raw s h a l e  o i l  was shipped from t h e  Paraho f a c i l i t i e s  t o  Toledo by r a i l r o a d  t ank  
An u n d e r u t i l i z e d  r a i l c a r  r ack  was revamped t o  provide  a new unloading as w e l l  

A new steam hea ted  t ank  was b u i l t  i n  which t o  s t o r e  t h e  

A hydrocracker  which normally p rocesses  d i s t i l l a t e  f u e l s  i r t o  g a s o l i n e  products  

A guard  bed packed w i t h  alumina ex t ruda te  was p l aced  i n  t h e  

Numerous in s t rumen ta t ion  and p ip ing  mod i f i ca t ions  were made 

For a c i d  t r e a t i n g  cf t h e  DFM and J P  products  a "new" a c i d  t r e a t e r  w a s  designed 
These v e s s e l s  

To provide  product  s t o r a g e  f o r  JP-5 and DFM, two t anks  were removed from r e f i n e r y  

A l l  l i n e s  used f o r  s h a l e  o i l  m a t e r i a l  w h i c h  i n t e rconnec ted  w i t h  l i n e s  con ta in ing  

When a l l  t h e  s h a l e  o i l  had been r ece ived ,  t h e  s t o r a g e  tank was hea ted  t o  185OF,  

Reac tor  e f f l u e n t  was 

tiere f o u r  products  were recovered  from t h e  e f f l u e n t :  

The g a s o l i n e  s tock  was sampled, but no t  

Any o f f  spec  JP-5, JP-8 or DFM were r e t u r n e d  t o  t h e  sha le  o i l  
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amount rundown d i r e c t l y  t o  railcars f o r  recovery  as heavy f u e l  o i l .  

Refinery Run 

In t h a t  t ime 73,100 b a r r e l s  of t h e  88,225 barrels of s h a l e  o i l  r ece ived  were hydro t rea ted .  
However some of t h e  p roduc t s  from t h i s  volume were r e t u r n e d  t o  t h e  s h a l e  o i l  s to rage  
tank  a s  off s p e c i f i c a t i o n  product .  
Guard Bed caused t h e  run  t o  be  t e rmina ted  be fo re  a l l  t h e  s h a l e  o i l  was processed .  
The hydrocracker w a s  first shutdown on day 25 of t h e  run because o f  a h igh  guard bed 
p res su re  drop. The t o p  25% of  t h e  Guard Bed packing was removed because a black 
v i scous  s ludge  w a s  p r e s e n t  on t h e  top  of t h e  bed. 
G u a r d  Red soon redeveloped  a h igh  p r e s s u r e  d rop  and t h e  run  was t e rmina ted  due t o  
c o n t r a c t u a l  t ime  l i m i t a t i o n s .  

Or ig ina l  p l ans  c a l l e d  f o r  t h e  J P  p roduc t s  t o  be a c i d  t r e a t e d  on rundown t o  
tankage  or r a i l c a r .  Th i s  p l an  was modified after a c i d  t r e a t e r  s t a r t - u p  problems 
r e s u l t e d  i n  poor d e n i t r i f i c a t i o n .  The JP-5 was rundown t o  tankage wi thout  a c i d  
t r e a t i n g ,  as was t h e  DFM, and both were t r e a t e d  a f t e r  t h e  hydro t r ea t ing  run  was 
complete. Fo r tuna te ly ,  t h e  a c i d  t r e a t i n g  prohlems were r e so lved  i n  time t o  t r e a t  
t h e  JP-@ on rundown t o  a r a i l c a r .  

f e e d  a t  a r a t e  o f  3%. with  no d e t e c t a b l e  s h i f t s  i n  y i e l d s  o r  o the r  adverse  conse- 
quences.  
ope ra t ions  a t  1 .5% of  f e e d .  

No problems developed ove r  t h e  i month combusticn pe r iod .  

vea led  two sepa ra t e  problems, t h e  s ludge  a t  t h e  top  of  t h e  bed and FeS, f i n e s  through- 
ou t  t h e  bed. The s ludge  was t h e o r i z e d  t o  have been formed by a r e a c t i o n  between s h a l e  
o i l ,  i r o n ,  and s u l f u r i c  a c i d .  The a c i d  had been unwi t t i ng ly  in t roduced  i n t o  t h e  s h a l e  
o i l  feed  tank  by r e c y c l i n g  of f -spec  JP-5 from t h e  a c i d  t r e a t e r  du r ing  s t a r t u p .  
l a r g e  q u a n t i t y  of f i n e s  c o n t a t r i n g  a h igh  concen t r a t ion  of  FeS, was found throughout 
t h e  bed. 
t e r s t i t i a l  spaces  among t h e  e x t r u d a t e ,  t hus  caus ing  a h igh  p r e s s u r e  drop. 

M a t e r i a l  Balances  

t i o n  f u e l  occu r s  i n  t h e  h y d r o t r e a t i n g  s t e p .  
ba lance  and y i e l d  s t r u c t u r e  from our hydro t r ea t ing  s e c t i o n .  
t h e  a c t u a l  y i e l d s  and n i t r o g e n  l e v e l s  ob ta ined  a t  Toledo wi th  o r i g i n a l  p i l o t  p l an t  
r e s u l t s .  
c o n s i s t e n t  wi th  p r i o r  r e su l t s ,  however t h e  appa ren t  y i e l d  s t r u c t u r e  w a s  d i f f e r e n t .  
The d i f f e rences  i n  y i e l d s  a r e  a t t r i b u t e d  t o  two f a c t o r s :  [l] poorer  d i s t i l l a t i o n  
e f f i c i e n c y  i n  t h e  r e f i n e r y  ope ra t ion  and [ 2 ]  lower DFM pour p o i n t  and. f l a s h  po in t  
t a r g e t s  during t h e  r e f i n e r y  run. 
a t t a i n e d  i n  t h e  r e f i n e r y  run  is very  s i m i l a r  t o  t h e  p i l o t  p l a n t  r e s u l t s .  
t i l l a t ion  cu rve  of whole h y d r o t r e a t e d  p roduc t s  (minus r e c y c l e )  shown i n  
i l l u s t r a t e s  t h i s  obse rva t ion .  

Net hydrogen consumption metered i n  t h e  r e f i n e r y  run was s i g n i f i c a n t l y  l e s s  
t han  p i l o t  p l a n t  r e s u l t s  [-l500 ver sus  ,21050 SCFB]. 
v a r i o u s  hydro t r ea t ed  p roduc t s  i n d i c a t e  t h a t  t h e  l e v e l  of a romat i c  s a t u r a t i o n ,  c rack-  
ing  and heteroatom removal  f o r  both r e f i n e r y  a n d  p i l o t  p l a n t  were n e a r l y  t h e  same. 
The d i f f e rence  i n  measured hydrogen consumption i s  most probably  a r e s u l t  o f  s ca l e -  
up and p i l o t  p l a n t  e r r o r .  
parameter i n  de te rmining  o v e r a l l  s h a l e  o i l  economics. 

The h y d r o t r e a t i n g  r u n  began on November 4 ,  1978 and ended on December 4 ,  1978. 

An e x c e s s i v e l y  h igh  p r e s s u r e  drop  a c r o s s  the  

When r e tu rned  t o  cpe ra t ion ,  t h e  

The r e s i d u a l  h y d r o t r e a t e d  s h a l e  o i l  was mixed with r e g u l a r  r e f i n e r y  c a t  c r acke r  

S i m i l a r l y ,  t h e  g a s o l i n e  range  c u t  had no d e t e c t a b l e  e f f e c t  on hydrocracker  

The s h a l e  o i l  which remained a f t e r  t h e  p rocess ing  run  was burned a s  b o i l e r  f u e l .  

Following conc lus ion  of  t h e  run, an examination of t h e  Guard Bed c o n t e n t s  re -  

A 

Apparent ly  FeSx had been depos i t i ng  throughout t h e  run  and f i l l e d  the  i n -  

-- 
E s s e n t i a l l y  a l l  of t h e  convers ion  of 65OoF plus bottom m a t e r i a l  t o  t r a n s p o r t a -  

Table I1 a l s o  compares 

These d a t a  i n d i c a t e  t h a t  t h e  d e n i t r i f i c a t i o n  a c t i v i t y  of t h e  c a t a l y s t  was 

Table I1 summarizes t h e  o v e r a l l  m a t e r i a l  

The a c t u a l  convers ion  of 65OOF p l u s  bottoms ma te r i a l  
The d i s -  

F igu re  2,  

Chemical ana lyses  of t h e  

Needless t o  s a y ,  hydrogen consumption is a ve ry  impor tan t  
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The t o t a l  amount of each  f i n i s h e d  f u e l  produced is shown i n  Table 111. 
In  a c i d  t r e a t i n g  t h e  y i e l d  l o s s e s  were found t o  be p r o p o r t i o n a l  t o  n i t r o g e n  
con ten t  and molecular  weight of  t h e  f u e l .  For  a 3300 ppm n i t rogen  JP-5 s t o c k ,  
y i e l d  loss was 5.4 u t . % .  
Other l o s s e s  incu r red  i n  t h e  system were s t a r t - u p  and l i ne -ou t  s l o p ,  h e e l  l e f t  
i n  f eed  t anks  and t r e a t i n g  v e s s e l s  and losses dur ing  t h e  c lay  column changes.  

Product Analyses 

4 w t . %  and on a 3300 ppm n i t r o g e n  DFM t h e  l o s s  was 

Gasol ine  Stock 
Analyses of  t h e  r e f i n e r y  and p i l o t  p l a n t  g a s o l i n e  s tocks  a r e  shown i n  Table I V .  

Both m a t e r i a l s  are very similar i n  a romat ic  c o n t e n t ,  n i t r o g e n  l e v e l  and  oc tane .  
Ne i the r  i s  usab le  a s  a d i r e c t  g a s o l i n e  b lending  s t o c k  o r  a s  re former  f e e d .  
t i o n a l  hydro t r ea t ing  i s  r e q u i r e d  t o  reduce  t h e  n i t r o g e n  con ten t  t o  l e v e l s  accep tab le  
t o  c a t a l y t i c  re forming ,  which i s  r e q u i r e d  t o  boos t  t h e  oc tane  of t h i s  material. 

Addi- 

J e t  Fue ls  
Product  JP-5,  be fo re  and after a c i d  t r e a t i n g  i s  compared t o  p i l o t  p l a n t  p r e -  

pared m a t e r i a l  i n  Table V .  Again bo th  s t o c k s  have s i m i l a r  n i t rogen ,  hydrogen and 
aromat ic  con ten t .  Note t h a t  t h e  thermal  s t a b i l i t y  of t h e  u n t r e a t e d  f u e l  is poor.  
However, once t h e  n i t r o g e n  compounds a r e  s e l e c t i v e l y  renoved by a c i d  t r e a t i n g ,  t h e  
f u e l s '  s t a b i l i t y  as determined by gum and JFTOT (ASTM D-3241) neasurements is very  
good. 
aging t h e  m a t e r i a l  f o r  1 month a t  14OOF and then  r e p e a t i n g  t h e  JFTOT and gum tests. 
The ag ing  t e s t  r e s u l t s ,  shown i n  Table V I  f o r  a composite sample of a l l  t r e a t e d  JP-5 
produced a t  t h e  r e f i n e r y ,  i n d i c a t e  t h a t  t h i s  f u e l  has  very  good s t o r a g e  s t a b i l i t y  
p r o p e r t i e s .  

In  a d d i t i o n ,  s t o r a g e  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  t h e  f u e l s  were t e s t e d  by 

Diese l  Fue l  Marine 
Phys ica l  i n s p e c t i o n s  of p i l o t  p l a n t  and r e f i n e r y  DFM a r e  compared i n  Table VII. 

A s  p rev ious ly  mentioned, t h e  d i s t i l l a t i o n  (hence n e a r l y  eve ry th ing  e l s e )  a r e  d i f f e r -  
e n t  due t o  r e f i n e r y  f r a c t i o n a t i o n  p r a c t i c e s  and  a l t e r e d  t a r g e t  specs .  
t r e a t i n g  is r e q u i r e d  t o  meet f u e l  s t a b i l i t y  s p e c i f i c a t i o n s ,  i .e .  ASTM 2274 - 
( a c c e l e r a t e d  ox ida t ion  gum t e s t ) .  
shown by t h e  ce t ane  number 0 5 0 )  and hydrogen c o n t e n t s  (213 w t . %  hydrogen);  

Again, a c i d  

These f u e l s  have good combustion p r o p e r t i e s ,  a s  

Res idua l  Fue l  
The r e s i d u a l  f u e l  produced by bo th  t h e  p i l o t  and  r e f i n e r y  meets a l l  government 

s p e c i f i c a t i o n s  for low s u l f u r ,  h igh  pour #6 f u e l  o i l .  
fact very  "clean" as shown i n  T a b l e  V I 1 1  by t h e  h igh  hydrogen and low s u l f u r ,  metals, 
carbon and a spha l t enes  con ten t .  This s tock  i s  b e t t e r  u t i l i z e d  as cat  c r a c k e r  f eed  
than  r e s i d u a l  f u e l ,  s i n c e  h ighe r  va lue  g a s o l i n e  and  ke ros ine  f u e l  can  be e a s i l y  pro-  
duced v i a  c a t a l y t i c  process ing .  

The r e s i d u a l  f u e l s  are i n  

Product Fuels  D i s t r i b u t i o n  
A l l  6165 b b l s  of  t h e  t r e a t e d  JP-5 produced a t  t h e  Toledo r e f i n e r y  was shipped 

t o  Rickenbacher A i r  Force Base i n  Lockbourne, Ohio. 
f o u r  d e s t i n a t i o n s :  3021 b b l s  went t o  Genera l  Motors D e t r o i t  D iese l ,  A l l i s o n  P l a n t  H5 
i n  Ind ianapo l i s ,  Ind . ,  8334 b b l s  were sh ipped  t o  Ph i l ade lph ia  Naval Base i n  Ph i l ade l -  
p h i a ,  Pa. ,  235 b b l s  were s e n t  t o  h 'r ight P a t t e r s o n  A i r  Force Base, Fa i rbo rn ,  Ohio and  
4785 b b l s  went t o  t h e  Defense Fuel  Support  Po in t  i n  C i n c i n n a t i ,  Ohio. Of t h e  4670 
b b l s  of r e s i d u a l  f u e l  r e se rved  f o r  shipment,  4345 b b l s  were s e n t  t o  t h e  U.S. Navy 
a t  Mechanicsburg, Pa., and t h e  remaining 325 b b l s  were sh ipped  t o  t h e  E.P.A. a t  t h e  
Naval Ship Yard i n  Long Beach, C a l i f o r n i a .  
engine  t e s t i n g  and eva lua t ion  by t h e  p a r t i e s  involved .  
produced, numerous samples of  f e e d ,  i n t e rmed ia t e  and product  streams were taken  f o r  
h e a l t h  e f f e c t  s t u d i e s  by t h e  D.O.D. and  D.O.E.  

The t r e a t e d  DFM was sh ippeh  t o  

These f u e l s  a r e  undergoiqg e x t e n s i v e  
I n  a d d i t i o n  t o  t h e  f u e l s  
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Conclus ions  

1) Fuels  meeting m i l i t a r y  s p e c i f i c a t i o n s  and p o s s e s s i n g  good s t o r a g e  s t a b i l i t y  
c h a r a c t e r i s t i c s  can  b e  produced from crude  s h a l e  o i l ,  u t i l i z i n g  c o n v e n t i o n a l  
r e f i n e r y  equipment. 
The p r o c e s s i n g  scheme u t i l i z e d  i n  t h i s  s t u d y  r e q u i r e s :  
( a )  

( b )  

( c )  

2 )  
S e t t l i n g  and a g u a r d  bed  t o  p r o t e c t  t h e  h y d r o t r e a t i n g  
c a t a l y s t .  
Hydrot rea t ing  t o  remove he tera toms,  i n c r e a s e  t h e  hydrogen/carbon 
r a t i o  and improve t h e  65OOF minus l i q u i d  y i e l d  of s h a l e  o i l .  
Acid and c l a y  t r e a t i n g  t o  a e e t  t h e r m a l  and  s t o r a g e  s t a b i l i t y  
requi rements  o f  t h e  je t  and d i e s e l  f u e l .  
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Table I P r o p e r t i e s  of Paraho Shale  O i l  and West Texas Sour C r e  
Paraho Shale  O i l  West Texas Sour 

G r a v i t y ,  OAPI 
S p e c i f i c  Gravi ty  @60° 
Pour P o i n t ,  O F  

V i s c o s i t y ,  SSU 
@ 6OoF 
@ 100°F 
@ 21OOF 

Viscos i ty-Gravi ty  Cons tan t  
RVP, l b s .  
T o t a l  Acid No., mgKOH/g 
Asphal tenes ,  w t . %  
Ramsbottom Carbon, w t . %  
BSQW, Vol. % 
S a l t ,  lb./M Bbls .  
E lementa l  A n a l y s i s  

c ,  w t . %  

0, w t . %  
N, w t . %  
s ,  w t . %  

A s ,  ppm 
Na, ppm 
K, ppm 
V ,  ppm 
N i ,  ppm 
Fe, ppm 

H ,  w t . %  

Metals 

TBP 65OOF P o i n t ,  v o l .  % 

20.4 
0.9315 

t 8 5  

Too heavy 
213 

44.9 
0.8899 

1.988 
0.889 
2.977 
0.05 (0.06 u n s e t t l e d )  
4.9 (8.2 u n s e t t l e d )  

-- 

83.68 
11.17 

1.3E 
2.02 
0.70 

7.5 
C0.3  

0.17 
0.17 
2.4 

5 3  
28.24 

34.1 

F l u i d  @ -30 
0.8545 

57.1 
43.1 
-- 

0.722 
5 . 1  
0.265 
1.028 
2.65 
0.30 
3 .3  

_- 
0.10 
1.40 

-- 
-- 
_- 

4.4 
2.6 
2.0 

58.64 
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Table I1 Shale O i l  Hydro t r ea t ing  Yie lds  

Toledo-Refinery P i l o t  P l g x  
Bbls. VOl.% W t . % _ N  Vol. 8 W t . %  N 

11.00 0.050 Gasol ine  s tock  8743 11.96  0.067 
( inc lud ing  Butaces) 

c JP-5 
JP-8 
DFM 
Res idua l  Fue l  

H2 Cons. SCFB 

Table I11 

25.30 0.250 

18939 25.90 0.340 34.50 0.430 
37220 5 0 . 9 1  0.380 35.20 0.220 
74938 102.50 106.00 

9546; 1 3 . 7 3  0.220 
490 

1 0 5 0  1500 

Net Fue l s  Produced A f t e r  Aci-d!Clay.xTeating ________- 

Gasol ine  S tock  
J P -  5 
JP- 8 
DFM 
Res idua l  Fue l  

gagolLne- Sso_cks Analyses 

Bb l s .  
7,718 
6,615 

462 
16,375 
37,220 

API Gravi ty  
RVP, p s i  
D i s t i l l a t i o n  

I B P ,  OF 
10 
50 
9 0  
EP 
% Rec. 
% Res. 

P a r a f f i n s  
Monocyclo. Par 
Dicyclo Par.  
Alkylbenzenes 
Indans t T e t r a l i n s  
Naphthalenes 
Carbon No. Par .  
Carbon No. Alkybenzenes 
Ni t rogen ,  W t .  % 
Research Octane, c l e a r  

P i l o t  P l a n t  
57.8 
1.3 
D-86 

190 
226 
258 
288 
332 

99 .0  
1.0 

58.87 
29.61 
1.11 
9.97 
0.11 
0 .33  
8 . 0 1  
7 . 8 1  
0 .040 

4 7  

Toledo 
54.7 

5.6 
D-86 

200 
249 
283 
317 
370 

98.0 
1.0 

49.95 
31.62 

2.40 
15.20 

0 . 5 1  
0.32 
9.36 
7.85 
0.078 

Not run  
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Tab le  V JP-5 Analyses  
--I-- 

A - Unt rea t ed  JP-5 

P i l o t  P l a n t  Toledo 

API GFavity 41.8 42.7 

F l a s h ,  OF 157 158  
F reeze ,  O F  -52 -57 
E x i s t e n t  gum (D-381) Mg/100 cc 12 .2  Not run  

D i s t i l l a t i o n  
I B P ,  OF 
1 0  
50 
90 
EP 

Nitrogen,  W t .  % 
P a r a f f i n s ,  Vol. % 
Naphtenes,  V 0 1 . 8  
Aromatics,  Vol. % 
JFTOT Visual 

API Gravity 

Nitrogen,  PPM 

TAN, mg KOH/gm 
WSIM 
E x i s t e n t  gum Mg/lOO c c  

JFTOT @ 500OF 
Visual  
Max Spun Rate 
MaxAP mm Hg 
P a r a f f i n s  V o l . %  
Naphtenes V o l .  % 
Aromatics Vol. % 

D-86 - 
356 
380 
415 
456 
477 

0.32 
43.9 
33.1 
23.0 

4 ( F a i l )  

B - Trea ted  JP-5 

P i l o t  P l a n t  

43.0 

8 

N i l  
86 

0.6 

2 
10 

1.0 
46.0 
33.1 
20.9 

D-86 
370 
384 
400 
436 
480 

- 

0.29 
42.5 
36.0 
21.5 
-- 

Toledo 

43.6 

0.5 

0.005 

1 .4  
95 

1 
0 
0.5 

43.7 
34.5 
21.8 

Table  V I  R e f i n e r y  JP-5 S t a b i l i t y  P r o p e r t i e s  

haged Fue l  
JFTOT Break Po in t ,  OF 625 
Color + 30 
D-381 E x i s t e n t  Gum Mg/100 cc 1.4 

JFTOT @ 500°F, Max Spun Tube 1 . 0  
JFTOT @ 500°F, Max Spot Tube 2.0 
JFTOT @ 500°F, ETDR 1 . 5  

0 . 0  

JFTOT @ 5OO0F, v i sua l  c 2  

JFTOT @ 5 0 0 ° F ,  A P MM Hg 

M i l  Spec 

APIC GR (48  

140 Min. 
-51 Max. 
7.0 Max. 

D-86 
R 
- 
401 Max. 

R 
R 

554 Max. -- 
-- 

25% Max. 
< 3  

M i l  Spec 

36 (API G r c 4 8  

-- 

0.01s Max. 
85 Min. 

c 3  
C 17 
._ 25 

25% wax. 

Aged @ 14OoF for  1 month 
> 500 
+ 30 

c 2  
1.6 

3.0 
2.0 
6.5 
0.0 
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Table V I 1  D iese l  Fue l  Marine Analyses 

A P I  Grav i ty  

Pour,  O F  

Flash, OF 

D i s t i l l a t i o n  
IBP 
1 0  
50 
90 
EP 

% Pes 

Nit rogen ,  W t .  95 

Cetane Index 

A - Untrea ted  DFM 

P i l o t  P l a n t  
33.4 

1 5  
290 

D-86 
507 
529 
553 
595 
628 

- 

1.0 

0.40 

50.1 

B - Trea ted  DFM 

API Gravi ty  

Carbon, W t .  % 
Hydrogen, W t .  % 
Nitrogen, ppm 
P a r a f f i n s  Vol. % 
Naphthenes, Vol. % 
Aromatics, V o l .  % 
TAN, Mg KOH/gm 
Cetane Number 
ASTM 2274 Mg/100 cc 

(acc .  ox id .  t e s t )  

Table V I 1 1  

P i l o t  P l a n t  

34.8 

86.75 
13.02 
90  
42.2 
25.8 
32.0 

5 5 . 3  
0.029 

0.37 

Residual  Fue l  Analyses 
P i l o t  P l a n t  

API Gravi ty  
Pour P t . ,  OF 

R a m s  Bottom Carbon, W t .  % 
Asphaltenes,  W t .  8 
V i s .  @ 21OoF, CST 
D i s t i l l a t i o n  

IBP 
10 
50 
90 
EP 

Carbon W t .  % 
Hydrogen, Wt. % 
Nitrogen, W t .  % 
Oxygen, PPm 
Sulfur, ppm 

30.3 

Not run  
0.244 
6.45 

10 5 

D-2887 
689 
739 
830 
958 

1000 
87.32 
12 .59  

0.33 
1 0 2  

c 20  

Toledo 
36.8 

0 
1 6 2  

D-86 
396 
456 
512 
562 
582 

- 

1.0 

0.33 

52.5 

Toledo 

3 8 . 1  

86.27 
13.28 

3.9 
45.5 
25.5 
29.0 

5 0 . 1  
0.010 

0.51 

Toledo 

29.6 
80 

0.096 
0.059 
2.00 

D-2887 
3 3 1  
582 
732 
900 

1032 
86 .71  
12.75 

0.44 
182 
.: 20 

M i l  Spec 
R 

20 Max 
140 Min 

D-86 - -- 
-- 

R 
675 Max 
725 Max 

3 Max 

45 Min 

M i l  Spec 

R 

-- 
-- 
_- 
-- 
-- 

0.30 Max 
45 Min 

2.5 Max 
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T a b l e  VIII, Continued 

S a t u r a t e s ,  Vol.  % 
Aromatics,  Vol. % 
Iron, ppm 
Arsenic,  ppm 
Vanadium, ppm 
Sodium, ppm 
Potassium, ppm 

P i l o t  P l an t  

57.1 
42.9 
0.93 
0.13 
0.36 
0.79 

L 0.10 

20 

Toledo 

Not run 
Not run  
0.10 
0.4 
0.02 
0.6 
0.6 



FIGURE 1 

Shale  Oil Process ing  Block Flow Diagram 
LIGHT ENDS 

GASOLINE C M  n 
_I c 

SHALE SETTLING OIL " I T  GUARD HYDROTRULTER 1 1 " " "  

550 B BUTTOIS RESIDUAL 

RECYCLE FUEL 

FIGURE 2 
T.B.P. D i s t i l l a t i o n  Corporison of P i l o t  i'lant 

a n d  Ref inery  Whole i ly&ot?ectcd Product 

900- 

I I I I 1 I 1 1 I 
IO 20 30 40 5 0  60 70 80 90 Id0 

CUMULATIVE VOLUME % YIELD 

0 P i l o t  P l an t  Product  
Ref inery  Product  

A Raw Shale O i l  
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